Detailed theoretical studies of azide/thioacid amidation are performed using density functional theory. The calculated results indicate that electronic properties of azide have significant effects on reaction pathways, which result in two distinct mechanisms for electron-rich and electron-poor azide coupling in the base-promoted amidation. For electron-rich azide amidation, after the concerted [3+2] cycloaddition of azide/thiocarboxylate, a new reaction channel is found challenging that recently mentioned, which follows two consecutive, unimolecular reactions with very low activation barriers (< 1.6 kcal mol -1
Introduction
Amides play a vital role in a large number of natural products, pharmaceuticals, bioconjugates etc. [1] [2] [3] [4] [5] . They are extensively applied as fluorescence probes [2] and peptide linkages [3] as well as to perform hydrogen bonding functions [4] and to stabilize the metal by the coordination of oxygen or nitrogen of amides [5] . Conventional methods of synthesis of amides are based on acylation of active esters or acyl halogen, which require that amines would keep the moderate to high nucleophilicity. The stronger the nucleophilicity is, the faster acylation is. Consequently, conventional amidation methods are obvious disadvantage for the electrondeficient, nonucleophilic amines, which may display a tediously low reaction rate in amidation and hence higher reaction temperatures must be required that may result in more by-products, especially for coupling of the large and complex amides, such as forming nonnative sugar-peptide linkages. Moreover, conventional intermolecular amidation reactions suffer from the limit of solvent compatibility, the rate of intermolecular coupling and the chemoselectivity. Therefore, it is of importance and interest in development of new amidation reactions that can accommodate a wider range of substrates and reaction conditions than conventional amidations, in particular for bioconjugation of complicated molecules in water.
The reaction of an azide with a thioacid, first reported in 1980, has been shown to be a convenient and effective amidation method with high yield and high chemoselectivity that requires only moderate temperatures, particularly for substrates possessing functional groups incompatible with amines [6] [7] [8] [9] . A prominent characteristic is that the coupling of the thioacid and the electron-deficient azide can be smoothly carried out and the thioacid/azide coupling covers a wide solvent range from non-polar chloroform to polar methanol and DMF [8a,8c], especially in water. Meanwhile, the applications of peptide-based thioacid/ azide would provide large peptide mimic systems [8c] . Furthermore, as a traceless ligation method, thioacid/ azide coupling demands minimal substrates and reaction is also rapid; hence it can be applied in vitro and in vivo. Therefore, as a useful amidation method, a detailed understanding of the reaction mechanism is necessary for better instructing the experimental synthesis about how to select reaction solvent, temperature and catalyst to improve the reactivity and selectivity of the amidation reactions.
However, only a limited number of theoretical studies have been carried out. The original mechanism [7] suggested the thioacid/azide coupling might be initiated by the trace of hydrogen sulfide in thioacid. It reduces the azide to the corresponding amine, and subsequently the rapid acetylation with the thioacid regenerates hydrogen sulfide. This mechanism proposes that amine is a In an attempt to clarify these discrepancies, we explored the potential energy profiles of the amidation reaction of thioacid/azide in the presence and absence of catalyst, finding additional reaction pathways. A detailed kinetic analysis for the possible reaction pathways has also been deduced.
In this paper, we first discuss the thioacid/azide amidation in the absence of the catalyst, then the basepromoted amidation. They are mainly concentrated on (1) investigating the geometrical features of the transition states and intermediate; (2) analyzing the factors that cause the difference in the reactivity and chemoselectivity of the amidation reaction; (3) discussing the solvent effects from non-polar to polar on the reactivity of amidation; (4) deducting the kinetic equations detailed for debating the possible preferable channels.
Quantum Chemical Calculations
Reactions studied were shown in Scheme 1. All calculations were performed with the GAUSSIAN 03 program [11] without symmetry restriction. All geometries of the reactants, transition structures (TS) and intermediates (IN) of the thioacid/azide amidation were optimized via density functional theory (DFT) [12] using the three-parameter hybrid functional developed by Becke [13] in conjunction with the LYP [14] exchange potential (B3LYP) at the 6-31G(d) basis set. Harmonic vibrational frequencies were calculated for each structure, from which zero-point energy and thermal energy, entropy and free energy were derived. The transition states were verified with only one imaginary frequency. The intrinsic reaction coordinate (IRC) [15] routes in both directions were achieved. The reaction barriers of amidation were calculated by the values of the relative energy ΔE ≠ and the relative Gibbs free energy ΔG ≠ , respectively. The rates of reaction were computed according to the Eq. 1 by using results derived from conventional transition state theory (TST) [16] 
where k, Rate of Reaction; k B , Boltzman's Constant; T, Temperature; h, Planck constant; R, gas constant; ΔG ≠ , the free energy of activation.
More accurate energies of all the minima and transition states were estimated at the level of B3LYP/6-311++G(d,p) by carrying out single-point energy calculations in the optimized B3LYP/6-31G (d) geometries. To model aprotic and protic environments, the reactions were studied in a dielectric medium as an approximation to include solvent polarization effects. The inclusion of the dielectric medium was calculated using the polarizable continuum reaction field model (PCM) [17] . The wave functions of the molecule were analyzed by Mulliken population analysis (MPA) [18] . Bond order reported are the Wiberg bond indices [19] and the charges are based on natural population analysis (NPA) calculated by means of natural bond orbital analysis (NBO) [20] . Scheme 1. The studied mechanistic framework for thioacid/azide amidation.
Results and Discussion
All the relative energies discussed are electronic energies scaled by zero-point energy (ZPE) corrections. The relative free energies are also provided as reference. The geometries and relative energies of all the species of the reaction I are given in Table 1 , Scheme 2 and Fig. 1 . Meanwhile, the potential energy profiles for this reaction both in scaled zero-point energy (ZPE) corrected electronic energy and in free energy are listed in Fig. 1 . Fig. 1 On the other hand, the intermediates 4a of the stepwise N-C additions are less stable than the reactants of CH 3 C=SOH plus N 3 CH 3 , and hence the first step reaction in channel 1 is very endothermic and endergonic with a heat enthalpy of 23.5 kcal mol -1 and an absorption of free energy of 37.7 kcal mol -1 . Summarizing the above analysis, the stepwise N-C addition of channel 1 cannot actually occur in the thermal reaction condition, therefore it can be ruled out from reaction pathway in the first place. (2) In terms of the scaled zero-point energy (ZPE) corrected electronic energy (∆E 0 ), the channel 2 keeps ca. 6 kcal mol - channel 2 can be ruled out relative to the channel 3 [21] . The higher energy of TS1 in the channel 2 than that in the channel 3 can be explained based on the following factors: Compared to the interaction between the occupied and unoccupied orbitals of the thioacid and methyl azide (shown in Scheme 3), the energy gap of the HOMO N3CH3 -LUMO CH3CSOH (5.5 eV) is smaller than that of the LUMO N3CH3 -HOMO CH3CSOH (5.6 eV), therefore the contribution from the interaction of the HOMO N3CH3 -LUMO CH3CSOH is less effective [22] . Moreover, the C1 of thioacid and N3 of methyl azide have the largest orbital coefficients in the N 3 CH 3 's HOMO and CH 3 CSOH's LUMO, so the TS1 in the channel 3 should be more efficient than that in the channel 2, since the TS1 in the channel 3 involves the addition of C1 to a N3 atom of methyl azide. In addition, the Coulomb interactions between S-N/C-N atomic charges would be the second important factor affecting the relative reactivity between the channels 2 and 3, judged from stronger Coulomb attraction between C1-N3 atoms than C1-N1 and weaker coulomb repulsion between S1-N1 than S1-N3, as reflecting from the NPA charges shown in Scheme 3 where N3 atom has the more negative charge than N1 atom. Finally, it should be noted that reaction in the channel 2 is endothermic (4.6 kcal mol -1 ), while the channel 3 is exothermic (-1.7 kcal mol -1 ). This may be the third factor making the channel 2 preferable over the channel 3 [23] .
Now that the reaction channels 1 and 2 are both excluded from the above discussion, the concerted [3+2] cycloaddition steps in the channel 3 are capable reaction paths in thioacid/methyl azide amidation in the absence of any catalyst. The TS1 in the channel 3 begins with a concerted but asynchronous dipolar cycloaddition in the geometry, as indicated by C1-N3 and N1-S1 bond distances with more advanced C1-N3 bond formation than N1-S1 bond formation with the Δd value of 0.36 Å (Δd = d N1-S1 -d C1-N3 ) for the TS1, which is similar to some cycloadditions reported and the reaction may be pericyclic [24] , as well as supported by IRC calculations.
After the process of the [3+2] cycloaddition of methyl azide and thioacid, the following step undergoes the retro-[3+2] cycloaddition to produce cis-enol form of the objective amide and nitrous sulfide (N 2 S), which further decomposes into the observed nitrogen and sulfur ( Fig. 1 and Scheme 2). Similar to the [3+2] cycloaddition process in the first step, the retro-[3+2] cycloaddition in the second step also presents a concerted but asynchronous process with more advanced C-S bond 
Reaction II (R 1 = Me, R 2 = OH, R 3 = SO 2 Me)
Similar to the reaction I, the favorable pathways of the reaction II also begin with the concerted C1 thioacid -N3 azide /S1 thioacid -N1 azide formation channel, rather than the stepwise or the concerted C1 thioacid -N1azide/S1 thioacid -N3 azide formation path, as shown in Fig. 2 and Scheme 4. Subsequently, the reaction undergoes the retro-[3+2] cycloaddition to give the cis-enol form of the amide and simultaneously lose the nitrous sulfide.
Compared to the electron-rich azide coupling of the reaction I, the concerted [3+2] cycloaddition step involving the electron-deficient azide coupling has the following features: (1) The TS1 structure has less asynchronous and more concerted characteristic on the N1-S1 and C1-N3 formations than that of the methyl group and the hydrogen bond interaction [25] of O atom of azide and H atom of thioacid, as judged by NPA charges(-0.969 for O azide , +0.520 for H thioaicd ) and the bond order of the O azide --H thioaicd (bond order: 0.045, bond distance: 1.959 Å). Here, the effects of the hydrogen bonding stability are particularly significant. If we rotate the hydroxyl of the thioacid to force the hydrogen bond breaking, we would obtain another transition states TS2-S1 (25) without the hydrogen bond interaction. The corresponding activation energy is greatly increased by ca. 5 kcal mol -1 , therefore this would simultaneously result in about two thousand times reduction in the reaction rate of the retro [3+2] cycloaddition in terms of the activation free energy.
Base-promoted Thioacid/Azide Amidation Mechanism
Williams et al. reported that the base, such pyridine, 2,6-lutidine etc., greatly increased the reaction rate by a factor of 80 [8f]. Meanwhile, the reaction is convenient and highly chemoselective. Consequently, we carried out the theoretical calculations of the potential energy profile in detail for the base-promoted thioacid/azide amidation. Furthermore, the reaction kinetics has also been performed for analyzing the likely reaction channel to establish the true reaction pathway. Solvent effects are also discussed in order to guide better the synthesis of the amides in the laboratory.
Reaction III (R 1 = Me, R 2 = O -, R 3 = Me)
As shown in the Scheme 6 in the presence of the base, such as pyridine, the thioacid is first deprotonated to form thiocarboxylate, and then one molecule of the thiocarboxylate reacts with one molecule of the azide to give an anionic thiatrazoline intermediate by the concerted [3+2] cycloaddition. It is encouraging that the activation barrier is largely reduced to 14.7 kcal mol -1 compared to the corresponding transition state in the reaction I in the absence of the base. It is sure that the low activation barrier is due to the more effective orbital interaction of the thiocarboxylate/azide, as judged by very small energy gap 0.50 eV between the HOMO thiocarboxylate and LUMO azide . Following the concerted [3+2] cycloaddition, the subsequent reaction may diverge into two different channels depending on the timing of the protonation process, before or after the anionic thiatriazoline conversion to amide, as listed in Scheme 6, Figs. 3 and 4.
With respect to the first channel (Figs. 3 and 5) , following the initial concerted [3+2] cycloaddition, the reaction subsequently undergoes two consecutive, unimolecular reactions to produce nitrous sulfide (N 2 S) and the corresponding anion form of the amide, which is further protonated to form the observed amide. In this channel, the stepwise step TS2 and TS3 have very low activation energies (1.6 kcal mol -1 for TS2 and for TS3) and exoergic (-13.5 kcal mol -1 for TS2 and -13.4 kcal mol -1 for TS3) [26, 27] . On the other hand, following the initial concerted [3+2] cycloaddition, the intermediate of the anionic thiatrazoline obtained can be further stabilized by protonation, thus the reaction subsequently undergoes another reaction channel 2 which is the same as the retro-[3+2] cycoaddition TS2 in reaction I to produce the cis-enol form of amide and nitrous sulfide, as shown in Fig. 4 . The protonation step is very exothermic liberating 113.6 kcal mol -1 free energy in the gas phase, indicating its irreversible character. Certainly, the subsequent retro-[3+2] cycoaddition step is also irreversible, as the analysis in reaction I.
Thus, the question is, which channel is the more preferable reaction pathway between channels 1 and 2? To solve this problem, we must analyze the kinetics along two reaction channels [27, 28] .
The channel 1 in the Scheme 6 has the following mechanism: 
Similarly, the rate equation can be deduced into a same functional form as the experiment observation (6) when Considering the above analysis, the TS2 step of the channel 1 has very low barrier and hence high rate (~ 10 11 s -1 ), while the protonation process is generally low barrier or no-barrier just judged from the usual observations in experiments and calculations [29, 30] . Such low barrier protonation process of the bimolecular reaction belongs to diffusion-controlling reaction in various solvents (k d ≈ 10 9 -10 11 M -1 s -1 ) [30] . Therefore, in low-viscosity solvents, the two channels may coexist, while in high-viscosity medium, the diffusionrate reduces greatly which results in the bimolecular protonation reaction can hardly compete with the monomolecular reaction of TS2 step in the channel 1. When two channels competitively occur, subsequent elementary reactions (TS3 step) may make the channel 1 preferable over the channel 2, depending on the faster reaction rate in the channel 1 when solvents effects are considered [21] . Consequently, different reaction conditions determine the favorable channel between the channel 1 and channel 2.
Reaction IV (R 1 = Me, R 2 = O
-, R 3 = SO 2 Me) Fig. 6 presents the potential energy profiles of the electron-deficient azide/thioacid amidation both in scaled zero-point energy (ZPE) corrected electronic energy and in free energy. However, the detailed reaction path in reaction IV is distinct from the electron-rich methyl azide/thioacid amidation in reaction III, as depicted in Fig. 6 and Scheme 7. The first feature is that a linear stable complex is formed via thioacetate adding to the methane sulfonazide with a N-S bond of 1.915 Å in the bond distance and of 0.83 in bond order, indicative of a quasi-single bond established (Fig. 6) . The formation of the linear adduct results in the electron transfer from thioacetate to methane sulfonazide by 0.865 e and leads to a decrease of 14.2 kcal mol -1 in energy with respect to the reactants of the methane sulfonazide plus thioacetate. IRC calculation confirms that the transition state TS1 links this linear adduct. A linear stable adduct can be obtained in reaction III as well, but IRC calculation links the reactants of methyl azide and thioacetate, not the linear adduct.
Furthermore, the reaction IV only undergoes an anionic thiatriazoline-forming transition state (TS1) to directly form a molecule of the anionic amide and a molecule of nitrous sulfide (N 2 S), as supported by IRC calculation. In addition, during C-N bond formation of the TS1, an S-N single bond is significantly formed with Scheme 7. Base-promoted mechanism for thioacid/azide amidation via reaction IV. a bond length of 1.774 Å, which is also supported by the bond order of 0.994. Meanwhile, the N1-S1 bond is also elongated to 2.004 Å, 0.14 Å longer than that in TS1 of the reaction III. The TS1 step is also very exothermic (-26.6 kcal mol -1 ) and exoergic (-34.2 kcal mol -1 ), which results in an irreversible rate-determining step.
The structure of the new transition state TS1 (23) is different from that previously mentioned (23-1) , showing the significant preference with 4.5 kcal mol -1 and 4.1 kcal mol -1 lower in activation energy and activation free energy than those previously reported (9.6 vs 14.1 kcal mol -1 in terms of activation energy and 12.7 kcal mol -1 vs 16.8 kcal mol -1 in terms of activation free energy), as shown in Fig. 6 . When solvents effects are considered, the relative free energy difference is reduced to 1.1-2.2 kcal mol -1 (vide post), but it would produce a selective ratio of ca. 6:1-40:1 in relative rate of 23 vs 23-1. Therefore, in our opinion, this mechanism is more preferable than that previously mentioned [21b,21c,31] .
Obviously, the steric effect is one factor which influences the stability of TS1, as judged by the closer C-N bond distance of 1.778 Å in TS1 23 vs 1.835 Å in TS1 23-1 (see Fig. 6 ). The intermolecular hydrogen bond interaction of C-H--O may be the second important factor [32] . As shown in Fig. 6 , there are more hydrogen bonding in TS1 23 than those in TS1 23-1, with two pairs of C-H--O hydrogen bond less than 3.2 Å in bond distance for the TS1 23 (3.140 Å for O1--C3 bond and 3.195 Å for O2--C3 bond), which may result in a more dispersive distribution in electric charge relative to the TS1 23-1, as shown by more electron is transferred from methane sulfonazide to thioacetate in TS1 23 vs TS1 23-1 (0.048 e vs 0.019 e).
All the above factors, plus the inductive effect of the electron-withdrawing sulfonyl methyl group, further lowers the activation barrier to 9.6 kcal mol -1 , which makes the base-promoted thioacid/azide amidation much easier in the electron-poor azide than in the electron-rich azide.
On the other hand, we also performed the detailed kinetics analysis for this reaction channel [28] , as shown in the following mechanism: 
yields following rate equation
As a result, the reaction is also first-order in both the reactants of the thioacetate and the methane sulfonazide, which is similar to the electron-rich azide amidation, in full accordance with the experimental rate expression [8f] . In terms of the definition of activation energy [33] , the effective activation energy of the overall reaction in methanol can be estimated as E eff = E 2 +ΔH 1 = 12.8 kcal mol -1 , which is in good agreement with the experimental value [8f].
Summarizing the above analyses, the mechanism of reaction is different for electron-deficient and electron-rich azide amidations in the presence of the base. Both of the base-promoted amidation undergo an anionic thiatriazoline-forming transition state by means of concerted or stepwise reaction. For electronrich azide, the reaction subsequently undergoes two sequential, unimolecular reactions of low barrier TS to produce the anion amide and sulfur and nitrogen, and then the anion of amide is pronotated to give the observed amide. However, for electron-deficient azide amidation, the anionic thiatriazoline-forming transition state directly connects the anionic amide and nitrous sulfide. However, the nonadiabatic processes crossing with other electronic states are not considered in the calculations although they are very important in some reactions [34, 35] .
Solvent effects
Following the discussed preferable pathways of electron-rich and electron-poor azide amidations in the presence of the base, solvent effects on the stabilities of intermediates and transition structures were also carried out with PCM method. As shown in Table 3 , the activation barriers are increased with the increase of the solvent polar used for both electron-rich and electron-poor azides, owing to more polar solvents increase the more stability in intermediates than that in the transition state. Therefore, non-polar solvent, such as chloroform, is the more advisable solvent for based-promoted thioacid/azide amidation reaction. On the contrary, in the absence of the base, electron-rich azide/thioacid amidation favors polar solvent over nonpolar solvent with the activation energy difference less than 1 kcal mol -1 from polar to non-polar solvent, while electron-deficient azide/thioacid coupling gives more preference to non-polar solvent for rate-controlling step TS1. Therefore, in the absence of the catalyst, chloroform may be as a candidate solvent for electronpoor azide amidation, whereas water or methanol is adequate choice for electron-rich azide amidation.
Conclusions
We have studied the potential energy profiles of azide/ thioacid amidation reactions in the presence of the base and in the absence of the base with the density functional theory. The main results were shown as follows:
(1) In the absence of the base, the azide/thioacid amidation starts a five-membered ring of a thiatrazoline intermediate via azide/thioacid bimolecular coupling of the concerted [3+2] dipolar cycloaddition, and then it undergoes the retro-[3+2] cycloaddition to produce cisenol form of the amide and nitrous sulfide (N 2 S), which further decomposes into the observed nitrogen and sulfur.
(2) However, in base-promoted azide/thioacid amidation, the electron-rich and electron-poor azides show different reaction mechanism. For the electronrich azide/thioacid coupling, there are at least two competitive reaction channels discussed. Both channels follow a multi-step mechanism. They both originate from an anionic thiatrazoline intermediate, which is formed via azide/thiocarboxylate bimolecular coupling of the concerted [3+2] dipolar cycloaddition reaction, but the reaction pathways diverge subsequently. One channel follows two sequential, unimolecular reactions with very low activation barriers to produce the anionic amide and nitrous sulfide (N 2 S), and then the anionic amide is protonated to form the desired amide. Another passes though the protonation and the sequent retro-[3+2] cycloaddition to form cis-enol of the amide and nitrous sulfide (N 2 S). Kinetic analysis gives the close effective activation energy of the overall reaction by 14.7 kcal mol -1 , in full agreement with the experimental observations. Distinct from the electron-rich azide/thioacid coupling, one molecule of the electron-deficient azide adds to a molecule of the thiocarboxylate to give a linear stable adduct, then undergoes one-step transition state to form directly one molecule of the anionic amide and one molecule of nitrous sulfide (N 2 S). The estimated effective activation energy of the overall reaction by 12.8 kcal mol -1 is also in excellent agreement with the experimental value.
(3) The calculations indicate that non-polar solvent, such as chloroform, is a good choice for the basepromoted amidation. However, in the absence of the base, the trend is reversed for electron-rich and electron-poor azide coupling. The electron-rich azide/ thioacid amidation prefers polar solvents over non-polar solvents, e.g. water or methanol, and the electrondeficient azide/thioacid coupling gives more preference to non-polar solvents, such as chloroform.
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